The behaviour of Chernobyl-derived 137 Cs in a hydrologically isolated bog system in the catchment of the Pripyat river in Belarus was investigated. Measurements were made of 137 Cs activities in the solids and pore waters of the bog soils, as well as the variability in activity in water draining from the bog. It was found that the radiocaesium activity of the pore water, and hence the measured distribution coefficient, K d , was dependent upon the pressure at which the water was removed from the soil. Cs is best modelled using a K d based on a measurement of pore water held at low pressure in the soil, around 10 3 l.Kg -1 . 137 Cs activities in soil pore waters and in drainage waters were very strongly related to the aqueous potassium concentration, and both showed concentration minima in drainage water during the spring. It was shown that runoff coefficients of radiocaesium from peat bogs 8 years after the Chernobyl accident were approximately one order of magnitude greater than those from unsaturated soils of higher mineral content.
Introduction
Large areas of land in Belarus, Ukraine and Russia which were contaminated by fallout radiocaesium from the Chernobyl accident are covered by peat bogs and highly organic soils. Peat bogs are high in organic matter content, resulting in a high availability of 4 previous, more comprehensive studies at Devoke Water [1] [2] [3] , samples from this site were also analysed as part of the study.
The binding of Cs in mineral soils has been shown to be a result of specific sorption to frayed edge sites (FES) on illitic clay minerals [4] . Cs which is sorbed to these sites is unavailable for exchange with many of the major cations which occur in natural waters (e.g. Ca, Mg) because of their large hydrated radius, although it will exchange with NH 4 + and K + [5] . In very highly organic soils, however, it has been shown [6] that there is often too little illite to bind all of the 137 Cs on specific sites, so that a large fraction may be resident on regular cation exchange sites (RES). It has also been established that 137 Cs can migrate into non-exchangeable sites in illitic clays (so-called "fixed" sites). In very low mineral content soils, fixation of Cs is also expected to be low. In apparent contradiction to this, studies on the highly organic soils in Devoke Water [3] showed that around 80% of the 137 Cs is in non-exchangeable forms. We will present further measurements of 137 Cs exchangeability in the Opromokh soils, and attempt to relate its binding and mobility to that of other cations in solution.
.
Site description
The Opromokh peat bog is situated in the Lelchitsy region of the Gomel district of
Belarus, approximately 150 km from the Chernobyl NPP (Fig. 1) . 137 Cs deposition due to the Chernobyl accident in this area is within the range 37-185 kBq.m 
Materials and Methods
Peat cores were taken using 22 cm diameter stainless steel peat corers. The cores were sliced in the field at 5-10 cm intervals to a depth of 30-60 cm, the samples being returned to the laboratory in sealed plastic bags. Samples of surface soils (5-10cm) were also taken from other parts of the catchment area outside the peat bog. Samples of surface standing water, and from the outflow of the bog, were taken at various dates between 1993 and 1995.
Pore waters from peat cores were removed by squeezing the samples using plastic press moulds at a presure of 0.8 and 9.8 MPa. The remaining solids were removed by filtration through 3.0 m then 0.2 m cellulose acetate filters. Drymass per unit wet
volume was approximately 0.1 g.cm -3 , and approximately 50-60% of the total water was removed by the press, an additional 10% being removed at the higher extraction Fig.2 , site #7). Surface standing water and drainage waters were analysed in the same manner as the extracted soil pore water.
Three of the samples of bog soil from Opromokh site #6 were subjected to three sequential 1M ammonium acetate (NH 4 Ac) extractions at a soild-liquid ratio of approximately 1:10. Equilibration time for each extraction was 24hrs, the 3 extractant solutions being bulked prior to -counting.
Results

Soil, peatbog soil and peat interstitial water measurements.
137 Cs inventories in the catchment soils and peatbogs are shown in activities in the winter core are much higher than those in the summer core. We believe that this may be due to variations in pore water chemistry and degree of dilution of the pore waters during the different periods of the year. A release of 137 Cs and K + could be caused by break up of the soil structure as a result of freezing [7] . 137 Cs concentrations in pore water (Table 2 ) vary from 1.2 to 48.0 Bq/l, the highest nuclide concentrations being found in the soil water from the upper parts of the profiles.
In situ K d values for the five cores taken at sites 6, 8, 9, 10 and the replicate core taken from Devoke Water, are given in Table 3 . A number of the samples were pressed at 9 higher pressure (9.8 MPa), removing more water from the soil. The K d values given in Table 3 represent the distribution of 137 Cs between solid and solution extracted at low pressure (0.8 MPa) and, for selected samples, the distribution between solid and the additional water extracted at the higher pressure (9.8 MPa). The additional water extracted at high pressure had activities approximately 3 times higher than that extracted at low pressure, leading to a K d which is around a factor of 3 lower.
Ammonium acetate extractions were carried out on three of the samples from core 6
(02/06/94). Exchangeable fractions, f ex were relatively constant at 13.3% at the peak (13-18cm), 13.5% half way down the profile (23-28cm) and 17.2% at the bottom (43-48cm). The majority of the solid-sorbed 137 Cs is therefore (at least on the extraction timescale of days) in non-exchangeable forms.
Interesting data were obtained by studying the pore water chemical composition (see Table 2 A deficiency of anions is compensated for by organic acids, the content of which can be judged from the value of bichromate oxidiseability (mgC. Compared with the bog soil porewater, the drainage water (Table 4) is also characterised by rather low 137 Cs concentrations (0.24 -2.66 Bq.l -1 ), similar to standing water activities. The rate of total loss from the bog (activity or concentration per litre multiplied by discharge), however, shows no minimum in spring.
Modelling
In a similar manner to the approach taken in previous studies on the Devoke Water site
[1], we will use a model based on the solids -aqueous distribution coefficient (K d ) to describe the vertical migration of 137 Cs in this system.
The transport of a tracer with concentration, C, within a soil column can be described by the advection-diffusion equation:
Where is an effective velocity, dependent on the growth rate of the soil and the advection of pore water, and is the decay constant of the radionuclide.
Assuming that all of the sorbed 137 Cs is exchangeable and that the exchange process is in equilibrium, D is an effective diffusion coefficient, given by:
[8] where D o is the molecular diffusion coefficient (1.45 x 10 -5 cm 2 /s at 10 o C, [9] ) of Cs in water, is the porosity, s is the drymass per unit wet volume and is a tortuosity factor, approximated by = 2 [10] . For an impermeable upper boundary (ie diffusion can only take place downwards from the soil surface), the solution to equation (1) for a decay-corrected tracer can be approximated by a gaussian profile reflected at the upper boundary [11] :
where t is the time since the fallout event. The exact solution to equation (1) for the impermeable boundary condition has been given by [1] , however, for the low pore water velocities found in peat bogs, and given the numerous other simplifications of the model, the simpler equation given above is adequate.
Equation (3) was curve-fitted to the activity-depth profiles resulting from the Chernobyl fallout, the input being a spike at time corresponding to April 1986 using D and as fitting parameters to obtain the best least-squares fit. An example of the curve fit for one of the cores from the Opromokh site is given in Fig. 5 , showing the similarity between equation (3) and the exact solution given in [1] . The K d values were obtained from the best fit D values using equation (2) (see Table 5 ). The parameter values obtained from the single core taken from Devoke Water are also shown in Table 5 . The presence of a 137 Cs Weapons Test peak in the profile can interfere with the curve fitting of the soil profiles. For low deposition areas such as Devoke Water it is sometimes possible to distinguish between Weapons Test and Chernobyl fallout using measurements of 134 Cs [1] . In this case, however, because of the difficulties in counting the low levels of 134 Cs this was not possible, so it was assumed that the whole profile was due to Chernobyl fallout. Since, in the Devoke Water area, Chernobyl inventories were around 3-5 times higher than those from bomb fallout, the Weapons Test profile has only a small effect on the shape of the profile. At the Opromokh site the Weapons Test fallout is negligible.
We have not attempted to interpret the velocity values (Table 5) , since this parameter is dependent in a complex manner upon both peat growth and (retarded) movement in the 13 pore waters. It should further be noted that the above equations strictly only apply to saturated conditions.
Discussion
Cs-137 in solution and vertical migration.
The 137 Cs activity measured in the aqueous phase is dependent upon the pressure at which the water was extracted from the soil. At the Opromokh site, C aq values were found to be much lower (mean 1.6 Bq.l -1 ) in standing water (assumed to be held at zero pressure) than at 0.8 MPa (mean 10.6 Bq.l -1 ), which is itself a factor of 2 lower than that extracted at 9. concentrations in a given soil water profile may be due to differences in soil structure between the vegetation dominated surface and the decomposed soil at greater depths.
Water extracted from surface samples (0-10cm), even at the lower pressure of 0.8 MPa, may be originating from within the surface vegetation, thus having high concentrations of, in particular, 137 Cs and K + .
Availability of Cs-137 in bog soils
Chemical extractions with NH 4 Ac showed that the availability of 137 Cs is similar to that observed at the Devoke Water site [3] , being within the range 13.3-17.2%. These exchangeabilities are significantly higher than those found in mineral soils (typically a few percent), but are surprisingly low given the extremely low mineral content (< 5%), and therefore fixation potential, of these soils. This result, combined with our suggestion above that the 137 Cs in solution is not in equilibrium with (at least the majority of) the solid sorbed activity may imply that 137 Cs is partly "fixed" to organics, either by diffusion into particles, or by uptake by biota. In this case, the 137 Cs would not be irreversibly fixed, but would slowly cycle within the soil-plant-water system. We can compare the removal of activity from the Opromokh system with other catchments by calculating a radiocaesium runoff coefficient, R, which is defined as:
Cs-137 removal from the Opromokh system
where, C a is the activity of the radionuclide in the aqueous phase of runoff water (Bq.m We can extrapolate these values to 1994 (for comparison with the Opromokh measurements, which were mainly taken during 1994) using the measured decline in stream concentrations in the Devoke catchment: C a (t) = C a (0)exp(-0.001t) where t is measured in days [2] . This gives estimated values of 15 and 20 Bq.m -3 respectively.
Assuming that the majority of the activity is being released from the areas of peat bog in each sub-catchment (46.8% and 38.1% of each sub-catchment respectively), taking Activities were also measured in streams draining sub-catchments of Devoke Water which contain only small areas of saturated peat soils, being mainly covered by unsaturated podzolic soils [2] . In these streams, activities were around 20 Bq.m -3 in 1990, leading to a runoff coefficient of 0.5 10 -3 m -1 in 1994, assuming the above rate of decline. Since these catchments contained small areas of saturated peat which may also have contributed to runoff, this must be considered as a maximum value of runoff coefficient for these soils. A further measurement of activity [14] Given a knowledge of R values for different soils, long-term concentrations of 137 Cs activity in runoff water could be estimated from the areal deposition of activity and soil type, providing a useful tool for modelling in an emergency situation. This is, however, a very crude approach, and the variability of R in different soil types, and in a given soil type over time, should be investigated further.
Conclusions
In situ measurements of radiocaesium activities in the flooded peat bog soils of The fraction of exchangeable 137 Cs in the peat bog soils of the Opromokh catchment is less than 20 %, significantly higher than in mineral soils (typically a few percent). The exchangeabilities are, however, lower than one might expect given the extremely low mineral contents of these soils (< 5%). In line with the conclusions of [1] and [3] , it appears that the Cs must be fixed in some way to organic matter. In the Opromokh system, the relation between aqueous 137 Cs and [K + ] is very strong, and applies both to soil pore water and discharge water. This, coupled with the similar seasonal variation in the concentration of these ions in discharge water, shows that their mobility is very strongly linked. We believe that the large differences in 137 Cs and [K + ] between soil water and drainage waters is primarily a dilution effect.
The study of runoff coefficients for the Devoke Water and Opromokh catchments has shown good agreement between these two peat bog systems. We have confirmed that the long term removal of radiocaesium from saturated organic soils is much higher (around one order of magnitude) than from unsaturated mineral soils. Tables   Table 1. Inventories of Cs-137 in the soils of the Opromokh catchment. 
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